INTRODUCTION
============

Non-long terminal repeat (non-LTR) retrotransposons, also called long interspersed nuclear elements (LINEs), are the most abundant family among mobile elements. LINEs have been identified in all major groups of eukaryotes, with the exception of the bdelloid rotifers ([@B1]). In human, up to 21% of the genome is comprised of LINEs ([@B2]), which are implicated to be involved in the gene evolution and genome reconstruction ([@B3; @B4; @B5]).

LINEs are divided into two subtypes. The first has only one open reading frame (ORF) that encodes a type-2 restriction-enzyme-like endonuclease (EN), whereas the other has two ORFs including an apurine/apyrimidine endonuclease (APE)-like EN at the N-terminus of the second ORF (ORF2) ([@B6]). ORF2 of the latter members of the LINE family, which include L1 ([@B7],[@B8]), TRAS1 ([@B9]), SART1 ([@B10]), Tx1L ([@B11]) and R1 ([@B12]), typically encodes an EN domain at the N-terminus, a reverse transcriptase (RT) domain in the middle region and a zinc-finger-like domain at the C-terminus. The first ORF (ORF1) has no sequence similarity to other known sequences, although some ORF1 proteins have been reported with RNA-binding ([@B13; @B14; @B15; @B16]) activities.

The retrotransposition process of LINEs is known as target-primed reverse transcription (TPRT). In the TPRT model, the EN domain first recognizes and cleaves the target DNA and the RT domain immediately proceeds with reverse transcription using its own mRNA as the template ([@B17]). Although most LINEs insert randomly throughout the genome, some elements show high-target sequence specificity. For example, TRAS1 ([@B9],[@B18]) and SART1 ([@B10]) insert into the telomeric repeats of *Bombyx mori*, Tx1L ([@B11]) inserts into the Tx1D sequence of *Xenopus laevis* and R1 inserts into 28S rDNA sequences of many insect species ([@B12],[@B19]). Of these target-specific LINEs, TRAS1, SART1, and R1 belong to the R1 clade. Most retrotransposons in this group are target specific ([@B20]). Previous studies have demonstrated that the EN itself has sequence specificity ([@B11],[@B18],[@B19],[@B21]). Furthermore, a study of EN swapping between TRAS1 and SART1 showed that the target specificity of EN determines its insertion site ([@B22]). Structural studies of TRAS1 ([@B21]) and human L1 ([@B23]) have revealed that the LINE EN has a folding pattern similar to that of apurinic/apyrimidinic (AP) EN, but has an extra β-hairpin at the DNA-binding surface. A mutagenesis study of the TRAS1 EN indicated that the β-hairpin region is necessary for sequence recognition ([@B21]). In spite of these reports, molecular basis for the sequence specificity of EN encoded in LINEs are still unclear.

R1Bm, the R1 retrotransposon species of *B. mori*, inserts into a 14-bp region of 28S rDNA. Biochemical analysis has shown that R1Bm EN cleaves the sequence ACA!GTG (! = cleavage site) on the bottom strand followed by the sequence ACT!ATC on the top strand ([@B19]), although the detailed mechanism remains unknown. In this study, to elucidate how R1Bm EN achieves such complicated sequence recognition, we performed a substituted oligonucleotide cleavage study for the target DNA sequence and determined the crystal structure of R1Bm EN at 2.0 Å resolution. Furthermore, mutagenesis studies of the DNA-binding surface of R1Bm EN based on the crystal structure revealed some amino acids involved in the sequence specificity.

MATERIALS AND METHODS
=====================

Plasmid construction
--------------------

The R1Bm EN domain was amplified by PCR with *Pfu* Turbo DNA polymerase (Stratagene) using primers R1EN-NdeI-s (5′-AAAAACATATGGATATTAGGCCCCGACTTCG-3′) and R1EN + 19aa-XhoI-a (5′-AA AAACTCGAGTTACGGCTCGCCCGGCCTCAAATCGC-3′) with R1WT-pAcGHLTB as a template ([@B24]). The first primer contains an NdeI site. The second primer includes a stop codon followed by an XhoI site. The PCR product was digested with NdeI and XhoI, and subcloned between NdeI and XhoI sites of the pET16b expression vector (Novagen). The resulting plasmid, named pR1EN, includes the first 717 bp of ORF2, corresponding to the first 239 amino acids, and the sequence encoding 10-His tag at the N terminus of R1Bm EN. All point mutations were generated by a QuickChange site-directed mutagenesis Kit (Stratagene) according to manufacturer\'s instructions. The sequences of the primers used for the introduction of these mutations are available on request. The mutation of each plasmid was confirmed by DNA sequencing.

Expression and purification of R1Bm-EN
--------------------------------------

The pR1EN and its mutant derivatives were transformed into *E. coli* BL21(DE3)/pLysS strain. The transformants were cultured at 37°C in 50 ml of Luria broth until the optical density at 600 nm reached ∼0.8. Isopropyl- β-[d]{.smallcaps}-thiogalactopyranoside (IPTG) was then added to a final concentration of 1 mM, followed by further incubation at 25°C overnight. Cells were pelleted by centrifugation and frozen in liquid nitrogen. Purification of R1EN was conducted following the protocol from Qiagen (catalog number 30210). Cell pellets were thawed at 4°C for 10 min, suspended in 0.6 ml of sonication buffer \[50 mM sodium phosphate (pH 6.0), 0.5 M NaCl, 100 mM imidazole, 20 mM 2-mercaptoethanol, 2% triton X-100\] and sonicated for 1 min on ice. The cell extracts were clarified by centrifugation at 20 000 × *g* for 10 min and filtration through a 0.45 μm membrane (Millipore). Because the total volume of cell extracts increased when the mass of cell pellets are taken into account, the imidazole concentration was readjusted to 100 mM, the supernatant was mixed with 30 μl of pre-equilibrated nickel NTA agarose (Qiagen) at 4°C for 2 h. The resin was washed three times with 1 ml of sonication buffer, three times with 1 ml of washing buffer \[50 mM sodium phosphate (pH 6.0), 1 M NaCl, 100 mM imidazole\] and once with 1 ml of washing buffer containing 0.35 NaCl. Finally, the protein was eluted with 0.25 ml of elution buffer \[50 mM sodium phosphate (pH 6.0), 0.35 M NaCl, 0.3 M imidazole\]. The eluted protein was ultrafiltered and concentrated in storage buffer \[50 mM sodium phosphate (pH 7.0), 0.35 M NaCl, 10% glycerol, 10 mM 2-mercaptoethanol\] with Microcon YM-10 (Millipore). The purified protein, the concentration of which was determined by SDS--PAGE, was diluted with storage buffer at 0.5 mg/ml and stored at −80°C. The concentration of R1Bm EN was determined by comparing the intensity of the band with an analytical curve obtained from Coomassie blue stained SDS--PAGE gel with that of known amounts of bovine serum albumin.

Crystallographic study
----------------------

For crystallization, BL21(DE3)/pLysS cells carrying pR1EN were cultured in LB medium at 37°C. When OD~600~ had reached to 0.6, IPTG was added to the medium at final concentration as 0.75 mM, and cells were further incubated for 6 h at 26°C. Cells were collected by centrifugation and stored at −80°C.

Stored cells were thawed and sonicated in lysis buffer \[40 mM Tris--Cl (pH 7.5), 0.5 M NaCl, 50 mM imidazole, 0.1% triton X-100 and 0.1 mM PMSF\], centrifuged and the supernatants were subjected to Nickel-trapped HiTrap Chelating column (GE healthcare) and eluted by elution buffer \[40 mM Tris, 0.5 M NaCl, 0.35 M imidazole, (pH7.5)\]. The proteins were precipitated by adding ammonium sulfate and collected by centrifugation, and the pellet was dissolved with 10 ml of digestion buffer \[50 mM Tris--Cl (pH 7.5), 0.3 M NaCl, 1 mM DTT, 2 mM CaCl~2~\], followed by Factor Xa (New England Biolab) digestion for overnight at 10°C.

The sample solution was loaded on HiTrap SP column (GE healthcare) followed by Superdex 200 (GE healthcare), resulting the highly purified R1Bm EN. The protein was concentrated in sample buffer (40 mM HEPES-Na pH 7.2, 200 mM NaCl, 1 mM DTT, 1 mM EDTA) with 10 kDa Microcon (Millipore) and protein solution was prepared to 6 mg/ml. In that case, the concentration of R1Bm EN was determined by absorption of 280 nm spectra with extinction coefficients of 27 310 M^−1^ cm^−1^.

Crystals of the R1Bm EN were obtained by hanging drop vapor diffusion method at 283 K. Two microliters of protein solution were mixed with 1.5 μl of reservoir solution containing 2.4 M sodium acetate (pH 6.9), 10 mM ammonium sulfate, and 1--2% Jeffamine M-600 reagent. The hexagonal rod-shaped crystals, whose size of 0.2 × 0.2 × 0.5 mm^3^, were gown within 2--3 weeks.

Prior to the data collection, crystals were transferred into cryoprotectant solutions containing 9% (v/v) ethylene glycol and 9% (v/v) PEG-200 in reservoir solution and flash frozen in cryo nitrogen stream. Dataset was collected at the Photon Factory (Tsukuba, Japan) on beamline BL-6A. Data processing and reduction were carried out with the programs MOSFLM ([@B25]) and SCALA ([@B26]). Phases were calculated by molecular replacement method with the MolRep ([@B27]) program using TRAS1-EN structure (PDB entry: 1WDU) as a search model. Further model was built with program O ([@B28]) and structure refinement calculations including simulated annealing and B-factor refinement were done with CNS ([@B29]). Summary of the crystallographic statistics are shown in [Table 1](#T1){ref-type="table"}. Table 1.Summary of crystallographic statistics[^a^](#TF1){ref-type="table-fn"}Data collectionX-ray sourcePhoton Factory BL-6AWavelength (Å)1.000Space group*P*321Unit cell parameters*a* = *b* = 141.3 Å, *c* = 37.5 Å, α = β = 90°, γ = 120°Resolution range (Å)40--2.0 (2.1--2.0)Observed reflections622 185 (81 080)Redundancy21.3 (19.3)Completeness (%)100 (100)〈 I / σ I 〉6.8 (2.1)*R*-sym[^b^](#TF2){ref-type="table-fn"}0.088 (0.35)Structure refinementResolution range (Å)40--2.0 (2.1--2.0)No. of reflections (work/free)27 763 (2713)/1432 (161)*R*-factor [^c^](#TF3){ref-type="table-fn"} (work/free)0.195 (0.212)/0.211 (0.250)No. of atoms (protein/solvent)1672/128〈 B 〉 (protein/solvent) (Å^2^)23.68/29.75RMSD Bonds (Å)0.0052RMSD Angles (°)1.304Ramachandran plot analysis[^d^](#TF4){ref-type="table-fn"} (%)Most favored91.4Additional allowed7.6Generously allowed1.1Disallowed0PDB entry2EI9[^2][^3][^4][^5]

Oligonucleotide cleavage assay
------------------------------

The ^32^P-labeled substrates containing the R1Bm target site were prepared exactly as previously described ([@B18]). The 40-bp top or bottom strand oligonucleotides were radio-labeled, annealed with the complementary non-labeled oligonucleotides and gel-purified. The cold substrates were also prepared by annealing of non-labeled top and bottom strand oligonucleotides. The mixture of labeled and non-labeled substrates was used for the cleavage reaction. The reaction mixture containing 50 mM PIPES-NaOH at pH 6.0, 17.5 mM NaCl, 1 mM MgCl~2~, 200 ng of purified proteins and 1 or 3 pmol of substrate DNA (the molar ratio of protein:DNA is 15:2 or 15:6) in a total volume of 10 μl was incubated at 25°C for 60 min. The reaction was stopped by the addition of 10 μl of denaturing solution (95% formamide, 50 mM EDTA, 0.01% bromophenol blue). The reaction product was denatured for 3 min at 95°C, immediately chilled on ice, and separated on a 30% polyacrylamide denaturing gel. The cleavage efficiency was quantified with BAS 5000 imaging analyzer system (Fujifilm). In the experiment of [Figure 6](#F6){ref-type="fig"}E, oligonucleotide cleavage assays were performed with the reaction mixture containing 10 mM MgCl~2~ and 0.1 pmol of substrate DNA, and incubation time was increased from 1 to 5 h.

Radio-labeled oligonucleotides with the same sequence as the expected cleavage products were used for the size markers: 5′-ACGAGATTCCCACTGTCCCTATCTACT-3′ and 5′-GGTTTCGCTAGATAGTAGATAGGGACA-3′ as for top and bottom strand cleavage, respectively. To determine cleavage sites precisely, sequencing markers were used in some experiments. Sequencing markers were generated by primer extension with TaKaRa Taq Cycle Sequencing Kit (Takara) using the manufacturer\'s suggested protocol except for the PCR condition. The reaction mixture was denatured at 94°C for 20 s, followed by 25 cycles of 94°C for 20 s, 30°C for 20 s and 72°C for 1 min, and then another 15 cycles of 94°C for 20 s and 72°C 20 s. To generate the sequencing template, 247 bp of 28S rDNA sequence containing the R1Bm target site was amplified by PCR with *Pfu* Turbo DNA polymerase (Stratagene) with the primers 28SrDNA-XhoI-s (5′-AAAAACTCGAGGCGCGGGTAAACGGCGGG-3′) and 28SrDNA-BamHI-a (5′-AAAAAGGATCCCGCGAAACGATCTCCC-3′) using pBmR161 ([@B30]) as template. The PCR product was purified with GenElute PCR Clean-up Kit (Sigma) prior to use. The sequencing primers used for the bottom and the top strands are 5′-GGTTTCGCTAGAT-3′ and 5′-ACGAGATTCCCAC-3′, respectively.

RESULTS
=======

R1Bm EN cleaves both strands of the 28S rDNA sequence at the target site
------------------------------------------------------------------------

We expressed R1Bm EN in *Escherichia coli* with an N-terminal His~10~ tag and purified it by nickel chelation chromatography. It has been reported that the EN domain of R1Bm cleaves the target sequence ([@B19]). The bottom and top strands of the target sequence are shown in [Figure 1](#F1){ref-type="fig"}A, and the cleavage sites are indicated as X and Y. To confirm the sequence specificity of R1Bm EN, the activity of R1Bm EN was tested using a double-stranded oligonucleotide substrate that contained the target sequence. This substrate was radiolabeled on either the top or bottom strand and digested with R1Bm EN in the reaction mixture for different reaction times. The reaction products were separated on a polyacrylamide denaturing sequencing gel with sequencing markers. As shown in [Figure 1](#F1){ref-type="fig"}B, the cleavage of the target sequence was detected on both strands of the substrate (band-X and Y). This demonstrates that the R1Bm EN purified in this study precisely generates a nick on the target sequence. As well as X and Y, a few other bands (bands 1--7) were observed from both strands. This was because cleavage by R1Bm EN is not absolutely sequence specific *in vitro*, as shown previously ([@B19]). By comparing the gel migration length with the sequencing ladders, these cleavage sites were confirmed as shown in [Figure 1](#F1){ref-type="fig"}A. Figure 1.Target sequence cleavage of R1EN. (**A**) Substrate DNA used for oligonucleotide cleavage study. The substrate consists of the 40-bp long 28S rDNA sequence containing the target site of R1Bm. The sequence of target site duplication (TSD) is boxed. The X and Y indicate the original target sites on the bottom and top strands, respectively. One to seven represent cleaved sites other than the target sites (A and B). (**B**) Sequence-specific cleavage of both strands. Three picomoles of the substrates was incubated with 200 ng of H209A and R1EN at 25°C for 0, 30, 60 and 120 min and separated on a 30% polyacrylamide denaturing gel with sequencing markers. Cleavage sites are summarized in (A).

A mutated protein, H209A, was also purified and used as a negative control because His-209 is essential for the catalysis of TRAS1 EN and L1 EN (18, 8). H209A exhibited no detectable cleavage activity on the top or bottom strand, indicating that there was no contaminating nuclease activity from *E. coli* in the purified protein ([Figure 1](#F1){ref-type="fig"}B). The time course analysis showed the cleavage of bottom strand is more efficient than the top strand cleavage (Figure S1).

We next determined the sequences required for the sequence-specific nicks on the bottom or top strand. A series of mutated substrates was prepared. Each substrate contained a 2-bp substitution, TT or AA, on the bottom or top strand, respectively. The mutated site was gradually moved in 2-bp steps from 5′ to 3′ around the cleavage site. The nicking activity on the mutated substrate was tested and compared with that on the non-mutated substrate. During bottom-strand cleavage, no significant change in nicking activity was detected on six substrates (lanes B1 to B3 and B9 to B11, [Figure 2](#F2){ref-type="fig"}A). However, mutations within 5 bp of the cleavage site, either upstream or downstream, resulted in a severe reduction in nicking activity (lanes B4 to B8, [Figure 2](#F2){ref-type="fig"}A), suggesting that this 10-bp region is important for the sequence-specific cleavage on the bottom strand. On the substrates of lanes B5 and B8, we observed strong signals at positions 4-bp shorter (B5\#) and 2-bp longer (B8\*) than the original cleavage site, respectively. This indicates that these mutations result in novel cleavage sites, other than the original site targeted by R1Bm EN. Figure 2.Identification of sequences involved in the cleavage of the target sites. Nicking activities of the target sites on mutated substrates were examined (A, bottom strand cleavage; B, top strand cleavage). Mutated substrates contained TT or AA substitution (boxed) and a mutated position of the substrates was sequentially changed. Each substrate was numbered and CTRL represents a non-mutated control substrate. Nicked strands of mutated substrates are shown at the lower left of each panel and mutated bases were boxed. The solid and open arrowheads indicate the cleavage sites on the top and bottom strands, respectively. Three picomoles (for bottom strand cleavage) or 1 pmol (for top strand cleavage) of the mutated substrate was incubated with R1EN and electrophoresed. Gel bands around the cleavage products were shown at the top of each panel. The size marker has the same sequence as the expected cleaved product. The cleavage products nicked at the target site were quantified and the percentage of the cleavage product relative to that of a control substrate was shown at the lower bottom of each panel. The results of three independent experiments were averaged and error bars show S.E.

In top-strand cleavage, the nicking activity on four mutated substrates was reduced to about 6--38% of that on the original substrate (lanes T3, T4, T6 and T8, [Figure 2](#F2){ref-type="fig"}B). A modest decrease in nicking activity was observed on the substrate mutated at the center of the cleavage site (lane T5, [Figure 2](#F2){ref-type="fig"}B). These results suggest that 5-bp upstream and 3-bp downstream of the cleavage site are involved in sequence-specific cleavage of the top strand. Curiously, the substrates of lanes T7 and T9 increased the cleavage activity, whereas T8 reduced it to 32% again. We also found on the bottom strand that the activity on substrate B8 was lower than that on substrate B7 ([Figure 2](#F2){ref-type="fig"}A). Both B8 and T8 substrates have a series of G:C pairs substituted with A:T pairs. Hence, reduction of the nicking activities on B8 and T8 may have resulted from instability of double-strand DNA rather than sequence specificity.

A previous study has shown that bottom-strand cleavage occurs faster than top-strand cleavage in the target-sequence cleavage by R1Bm EN ([@B19]). Considering this result, it is possible that the cleavage of the top strand does not occur by sequence recognition. For example, R1Bm EN may have binding affinity for the nicked DNA structure. To address this issue, we studied the top-strand cleavage of the B6 sequence. This sequence is mutated in the original bottom strand cleavage site X, and thus its cleavage on site X has been severely reduced ([Figure 2](#F2){ref-type="fig"}A, lane B6), with no large difference in cleavage of other sites (bands [@B1; @B2; @B3; @B4; @B5; @B6; @B7]) ([Figures 2](#F2){ref-type="fig"}A and S1). Unexpectedly, when we tested for the top strand cleavage, the B6 substrate was cleaved about twice as efficiently as the control ([Figure 2](#F2){ref-type="fig"}B, lane B6). This was probably because the incompetence of the bottom-strand target site enhanced the top-strand cleavage relative to that of the original sequence. Nevertheless, this result indicates that the top strand cleavage site is also recognized sequence specifically by R1Bm EN.

DETERMINATION OF THE CLEAVAGE SEQUENCE OF R1Bm EN
=================================================

[Figure 1](#F1){ref-type="fig"}B shows that the 28S rDNA sequence was cleaved by R1Bm EN not only at the target site, but also at other sites. Because the signal patterns for the non-specific products were not random, we focused on them and tried to determine the sequence tendency recognized and digested by R1Bm EN. The cleavage activity was estimated from the density of each band, and they were aligned by cleavage site to allow comparison ([Figure 3](#F3){ref-type="fig"}). In all those in the high-cleavage group (\>50% that of the wild-type sequence), which included X, Y, 7, 4, 5 ([Figure 1](#F1){ref-type="fig"}), and B8\* ([Figure 2](#F2){ref-type="fig"}), adenine is located at the −3 position from the cleavage site. In five of the six highly cleaved sequences, thymine is located at the +2 position. Furthermore, guanine or adenine is located at the +1 position and thymine or adenine at the −1 position in all sequences, and five of the six sequences have cytosine or guanine at the −2 position. Taken together, these results suggest that the consensus sequence for the high-cleavage group is 5′-A(G/C)(A/T)!(G/A)T-3′ (! = cleavage site). Figure 3.Sequence comparison of the cleavage sites of R1Bm EN. The cleaved sites shown in [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} were classified into four classes (+++ \>70%; ++ \>50%; + \>10%; − \<10% of wild-type cleavage, respectively) according to the density of each band, and aligned by the cleavage site (filled arrowhead). The conserved bases among the substrates are highlighted with yellow (one base species) and cyan (two bases species).

The weakly cleaved sequences (\<50% that of the wild-type sequence), which included 1, 2, 3, 6 and B5\#, also all have guanine or adenine at the +1 position, but the sequence identities to 5′-A(G/C)(A/T)!(G/A)T-3′ are low. However, several sequences with single or double substitutions, such as B5, B6 and T4, were almost uncleaved (\<10% that of the wild-type sequence). As the different contributions of each nucleotide to R1Bm EN cleavage were considered, we tested two other oligonucleotides substituted at +1 with cytosine and +2 with adenine. These sequences were almost uncleaved ([Figures 3](#F3){ref-type="fig"} and S1). Substitution at the +1 position to thymine or cytosine led to a severe reduction in cleavage. This suggests that a purine base at the +1 position is essential for R1Bm EN recognition and cleavage.

Structural analysis of R1Bm EN
------------------------------

To clarify its sequence specificity at the atomic level, R1Bm EN (residues 1--220) were expressed, purified and crystallized ('Materials and Methods'). The crystal structure of R1Bm EN, the final model for which contained 215 amino acids (residues 5--219), was resolved by molecular replacement at 2.0 Å resolution, with values for R-factor and R-free of 19.5% and 21.1%, respectively ([Figures 4](#F4){ref-type="fig"}A and B). The asymmetric component of the crystal is a monomer. Furthermore, in gel filtration chromatography during the purification, R1Bm EN eluted with a fraction corresponding to 22 kDa, therefore, R1Bm EN does not multimerize under this condition (Figure S3). Figure 4.Crystal structure of R1Bm EN. (**A**) Cartoon representation of R1Bm EN (5--219). The characteristic β-hairpin region (β8--β9) and α3 are indicated. (**B**) The sigma-weighted 2Fo-Fc electron-density map showing around the active site of R1Bm EN. The map was contoured at 1.5σ. (**C**) The sequence-alignment of R1Bm EN, TRAS1-EN, L1-EN (human) and human APE1. The secondary structure of R1Bm EN is indicated above the amino acid sequence. Residues conserved among all or most APE family are indicated as red or black bold cases, respectively. Residues substituted to alanine in mutagenesis study are highlighted by green. All figures were prepared by PyMOL (DeLano Scientific, <http://pymol.sourceforge.net/>).

The overall structure of R1Bm EN is a four-layered α/β sandwiched fold ([Figure 4](#F4){ref-type="fig"}A), and is almost identical to that of other known EN domains of the APE-type LINEs, TRAS1 EN and L1 EN. The root-mean-square differences of the Cα atoms of the core β-sheets (71 residues) between R1Bm EN versus TRAS1 EN and L1 EN are 0.68 Å and 2.21 Å, respectively. Furthermore, three α-helices located outside the β-sheets also fit well between R1Bm EN and TRAS1 EN ([Figure 5](#F5){ref-type="fig"}A), indicating that the R1Bm EN structure resembles the TRAS1 EN structure more than the L1 EN structure. This observation is consistent with previous phylogenetic analyses of the LINE family, which demonstrated that TRAS1 and R1Bm are in the same clade, whereas L1 is not ([@B20]). Figure 5.Structural comparison of R1Bm EN. (**A**) Stereoview representation of superposed backbone model of R1Bm EN (green), TRAS1-EN (PDB entry:1WDU, magenta) and L1-EN (PDB entry:1VYB, cyan). β-hairpin region (β8--β9) and α3 are indicated. (**B**) Close up view of superposed active site of R1Bm EN (green), TRAS1-EN (magenta), L1-EN (cyan) and human APE1 (PDB entry: 1DEW, pale orange). Residue names and numbers of R1Bm EN are shown.

R1Bm EN has a characteristic β-hairpin region (residues 176--183), stretched out to the edge of the DNA-binding surface ([Figure 4](#F4){ref-type="fig"}A). This β-hairpin structure is not observed in human AP endonuclease I (hAPE1) or other AP ENs. However, it also occurs in TRAS1 EN ([Figure 5](#F5){ref-type="fig"}A; 21) and L1 EN ([Figure 5](#F5){ref-type="fig"}A; 23), so it is probably a common feature among the LINE ENs. The R1Bm EN also has a short α-helix (α3; residues 138--144) stretched out to the DNA-binding surface. The amino acid sequence of α3 is Arg--His--Tyr--Val--Gly--Arg, and it thus has basic properties. Interestingly, this α-helix does not occur in the TRAS1 EN or L1 EN structures ([Figure 5](#F5){ref-type="fig"}A), whereas a similar helix is found in hAPE1 (residues 221--228) ([@B31]). In hAPE1, the amino acid sequence of this region is Arg--Asn--Pro--Lys--Gly--Asn--Lys--Lys, which is also thus a basic region. In the crystal structure of the hAPE1:DNA complex, this α-helix interacts with the DNA backbone phosphate ([@B32]).

Looking at the R1Bm EN structure in detail, all the catalytic residues, including Asn-13, Glu-40, Tyr-95, Asp-126, Asn-128, Thr-175, Phe-176, Asp-186, Ser-207, Asp-208 and His-209, are conserved relative to those of the highly ordered arrangement among the AP EN family ([Figure 5](#F5){ref-type="fig"}B). This indicates that R1Bm EN should cleave dsDNA in a similar manner to the AP ENs. From this perspective, R1Bm EN and other sequence-specific LINE ENs should have extra regions that function in sequence recognition, because the AP ENs do not recognize DNA sequences, but only the AP site ([@B32]), for which the β-hairpin region is one candidate ([@B21]).

Mutagenesis study of R1Bm EN
----------------------------

We performed mutagenesis studies to investigate which residues of R1Bm EN are important for its sequence specificity. The crystal structure of R1Bm EN gave us information about the residues of the protein that potentially interact with DNA. Thus, we chose 18 polar residues located at the DNA-binding surface that have not been reported to be involved in EN activity ([Figure 6](#F6){ref-type="fig"}A). Each residue was substituted with alanine and the mutated proteins were expressed and purified. We tested the nicking activity of these mutants on both the bottom and top strands using a double-stranded oligonucleotide substrate ([Figures 6](#F6){ref-type="fig"}B and C). Although the nicking activities of several mutants were reduced, the nicking pattern of no mutant changed relative to that of the wild-type R1Bm EN in the cleavage of either strand. Nicking activities on the target sequences of both strands were measured, and are expressed as a percentage of the wild-type activities in [Figure 6](#F6){ref-type="fig"}D. Among the mutants, S43A, S99A and E147A did not exhibit a significant reduction in nicking activity, compared with that of the wild-type R1Bm EN. However, Y42A, H78A, Q97A, Y98A, R139A, H140A, R144A, T178A and N180A showed \<20% of the wild-type activity for the cleavage of both strands, suggesting that these residues are significant for both strand cleavages. K56A and H130A also moderately decreased the nicking activity. Many mutants exhibited no great difference in nicking activity between the bottom- and top-strand cleavages. However, in E18A, D19A, H54A and S206A, the relative activity of bottom-strand cleavage was less than half that of top-strand cleavage, whereas the activity of top-strand cleavage was \>80% that of the wild-type R1Bm EN. This suggests that these four residues are important only for bottom-strand cleavage. Looking at the R1Bm EN structure, His-78, Gln-97 and His-130 interact with other residues directly or via water-mediated hydrogen bonding ([Figures 6](#F6){ref-type="fig"}A and S4). Therefore, their substitution with alanine made the domain structurally unstable, leading to the reduction of cleavage activity. Figure 6.Mutagenesis study of R1Bm EN. (**A**) Positions of residues mutated in this study. The positions of residues substituted with alanine are indicated as line models (magenta). His-209 is also depicted to indicate the catalytic site. (**B**) Bottom strand cleavage by R1Bm EN mutants. Three picomoles of the substrate was cleaved with wild-type R1Bm EN and the mutants. The solid arrowheads indicate the target site cleavage of the bottom strand. (**C**) Top strand cleavage by R1Bm EN mutants. One picomole of the substrate was used. The open arrowheads indicate the target site cleavage of the top strand. (**D**) Nicking activities of R1Bm EN and the mutants. The cleavage products nicked at the target site were quantified and the percentage of the cleavage product relative to that of wild-type R1Bm EN was shown in each strand cleavage. The mutants representing \<20% of wild-type activity in both strand cleavage are underlined in magenta and the mutants showing the great reduction of the nicking activity only in bottom strand cleavage are underlined in blue. The results of three independent experiments were averaged and error bars show S.E. (**E**) Cleavage of the bottom strand by R1Bm EN mutants under the vigorous condition. The cleaved bands corresponding to [Figure 1](#F1){ref-type="fig"}B are indicated. Asterisk indicates the abnormal band observed in Y98A mutant.

In several mutants (Y42A, H78A, Q97A, Y98A, R139A, H140A, R144A, T178A and N180A) the amounts of cleavage products were \<1% of the total substrates. We could not detect the nicking pattern of each R1Bm EN mutant in [Figures 6](#F6){ref-type="fig"}B and C. Therefore, we re-examined the bottom-strand cleavage by R1Bm EN under high-magnesium conditions, so that the R1Bm EN mutants more efficiently cleaved the target sequence ([Figure 6](#F6){ref-type="fig"}E; 'Materials and Methods'). The cleavage activities of all mutants whose substituted positions were located at α3 (R139A, H140A and R144A) were significantly reduced (\<10%). This result suggests that the α3 region is involved in phosphate-backbone interactions rather than in base recognition, as is observed for the hAPE:DNA complex ([@B32]).

When the nicking patterns were compared, that of Y98A was particularly different from the other patterns. Y98A gave a strong signal that was identical to that of band 4 and above the original target site (shown by a white asterisk). At the same time, signals for bands X, 3 and 5 were markedly reduced. We analyzed the Y98A cleavage product mixture with sequencing-gel electrophoresis, which revealed that this oligonucleotide is 2-bp longer than band X (data not shown). Therefore, the sequence cleaved by Y98A is suggested to be 5′-ACAGT!GGGAA-3′ (! = cleavage site). Compared with 5′-A(G/C) (A/T)!(G/A)T-3′, the thymine at the +2 position is changed to guanine. Furthermore, a slightly increased signal for band 2 and a reduced signal for band 5 were observed for N180A. This residue is located in the β-hairpin region ([Figure 4](#F4){ref-type="fig"}C and [6](#F6){ref-type="fig"}A), as which the same structure was shown to be important for specific cleavage in TRAS1 EN ([@B21]).

DISCUSSION
==========

R1Bm EN has been considered to have high sequence specificity, because the R1Bm element is found at precisely the same target sequence of 28S rDNA in many insect species ([@B33]). Although TRAS1 EN ([@B18]) and Tx1L EN ([@B11]) have been reported to recognize a region of about 10 bp around the cleavage site in bottom-strand cleavage, the recognition sequence for top-strand cleavage has not been identified. In this study, we found that R1Bm EN recognizes 8 to10-bp regions around the cleavage sites ([Figure 2](#F2){ref-type="fig"}). We also identified the target sequence of R1Bm EN as 5′-A(G/C)(A/T)!(A/G)T-3′. This result immediately prompts the question: how can R1Bm insert precisely at a 28S rDNA site? Referring to previous results, we predict that the target-sequence cleavage process of R1Bm is as follows. ORF2p binds to ORF1p and its own mRNA to form the ribonuclear protein complex ([@B13],[@B34],[@B35]), which is recruited to the 28S rDNA region of the genome. We assume that ORF1p guides this recruiting process, as in some telomere specific non-LTR retrotransposons such as SART1, HeT-A and TART, ORF1p localize in a dotted pattern (presumably telomeres) and which suggested that the ORF1p has a role in non-LTR retrotransposon ribonucleoprotein complex localization. The region required for this localization pattern is essential for retrotransposition in SART1 ([@B36],[@B37]).

We demonstrated that the modified oligonucleotide substrate that is not nicked at the bottom-strand target site is cleaved at the top strand (B6 in [Figure 2](#F2){ref-type="fig"}B). This result indicates that the top-strand cleavage does not depend on bottom-strand cleavage. Top-strand cleavage does not occur by the recognition of a nicked DNA structure by R1Bm EN, but R1Bm EN separately recognizes both target sequences. From this perspective, the difference of nicking efficiency of R1Bm EN between bottom and top strand (Figure S1) may be achieved merely by the level of sequence specificity. The fact that four residues (Glu-18, Asp-19, His-54 and Ser-206) are specifically involved in top-strand cleavage also supports this hypothesis. Interestingly, all these residues are located on the opposite to α3, and would interact with the region upstream from the target DNA.

Feng *et al*. ([@B19]) reported that R1Bm EN forms multimer, on the other hand, our structural analysis and gel filtration chromatography during purification indicated that tag-removed R1Bm EN is a monomer (Figure S3). In previous study, gel-filtration chromatography and equilibrium sedimentation experiments were done with extra C-terminal hexa-His tag and 33 amino acids ([@B19]). This difference may rely on the C-terminal non-native peptide, as there are some cases of protein oligomerization caused by histidine tags ([@B38],[@B39]).

The crystal structure of R1Bm EN indicates that the characteristic β-hairpin and positively charged α-helix (α3) occur on the DNA-binding surface. The mutagenesis experiment showed that the α3 region is probably not involved in DNA base recognition, but in backbone interactions, as observed for the hAPE1:DNA structure. We found that mutations at Tyr-98 reduced the target-site cleavage instead of increasing the site 4 and 5′-ACAGT!GGGAA-3′ cleavage. Compared with the consensus sequence 5′-A(G/C)(A/T)!(A/G)T-3′, thymine at the +2 position is changed to guanine. Furthermore, the amounts of bands X, 3 and 5, which have thymine at the +2 position, were reduced and, at the same time, band 4, which has guanine at the +2 position, was increased in the Y98A mutant ([Figure 6](#F6){ref-type="fig"}F). Putting these data together, Tyr-98 may interact with the thymine moiety at the +2 position (or adenine on the opposite strand). Although the cleavage rate was low, it is noteworthy that Y98A efficiently cleaves a novel site, which implies that the LINE EN could be used for the *de novo* design of target-site-specific ENs. It would be interesting to examine the effect of mutation at Y98 for the insertion site using *in vivo* retrotransposition assay system ([@B24]).

When the sequence of R1Bm is compared with those of its other subfamily members, the position of Tyr-98, which seems to recognize the thymine at +2 position, is phenylalanine whereas this position contains proline in TRAS1 and TRAS3, and asparagines in L1 and APE1 \[Figure S6 and ([@B40])\]. Both tyrosine and phenylalanine have aromatic rings, so that a ring structure at this position might be critical for the recognition of the target sequence in the R1 family. Compared with the TRAS1 EN structure, the position of Tyr-98 is very close to Asp-130 of TRAS1 EN, which is one of the key residues for sequence specificity ([@B21]).

The β-hairpin region (β8--β9) is conserved in all the structurally determined LINE ENs. Mutation in the β-hairpin region of R1Bm EN decreased its cleavage activity (T178A and N180A in [Figure 6](#F6){ref-type="fig"}D), and affected sequence-specific cleavage under high-magnesium conditions (N180A in [Figure 6](#F6){ref-type="fig"}E). The band patterns of most mutants, except Y98A and N180A, did not differ from that of the wild-type under high-magnesium conditions ([Figure 6](#F6){ref-type="fig"}E). This indicates that recognition of the 28S rDNA sequence is achieved by the cooperation of many residues and/or main-chain atoms, which explains the limited effects of single mutations. In the case of TRAS1 EN, the β-hairpin deletion (Δ-loop) caused greater alteration of the cleavage pattern than single mutations of amino acids in the β-hairpin region (Anzai and Fujiwara, unpublished data). Hence, the backbone atoms also contribute to sequence recognition.

To investigate the interactions between each residue and DNA, R1Bm EN was superimposed onto the hAPE1:DNA complex structure (PDB entry: 1dew; Figure S7). In this model, Tyr-98 is located near the −1 to +1 region of DNA, so it is reasonable to predict that Tyr-98 interacts with the +2 position thymine base. The β-hairpin region could attach to the −1 to +3 region on the minor groove side of the DNA in the predicted model. This model suggests that the DNA-binding surface of R1Bm EN extends from the −6 to the +4 position on the DNA which is in good correspondence with the substitution experiment ([Figure 2](#F2){ref-type="fig"}). However, residues that seem to be involved in sequence recognition occur mainly at the −1 to +3 positions of the target sequence. This is not fully consistent with the finding that R1Bm EN recognizes 5′-A(G/C)(A/T)!(A/G)T-3′, because this sequence ranges from −3 to +2. The substitution of a series of G:C pairs with A:T pairs led to a reduction in nicking activity. This suggests that the stability of dsDNA, that is, the DNA structure, may be important for R1Bm EN cleavage, together with the sequence itself. The target-sequence recognition of R1Bm seems to be more complex than we had considered, and it has been difficult to clarify with the limited biochemical experiments used so far. Moreover, if we consider the LINE EN as a gene engineering tool, the Y98A mutant has a novel sequence-specific cleavage activity. Therefore, experiments that address structural studies of the R1Bm:DNA complex should provide further details about the mechanisms underlying its recognition and nicking of the target DNA.

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR Online.
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